E-waste could be an important source of valuable metals if we can design an effective recovery mechanism. This article aims to: enhance the rate of E-waste recycling, treatment and the rate of recycled metal (secondary metal); and reduce the extraction of primary metals (virgin metals) by introducing an E-waste recycling tax, by minimizing CO 2 emissions as a requirement of China's climate change policy. On this basis, we designed a dynamic environmental-social economic model for the period 2008-2020. Upon comprehensive consideration of economic benefits and environmental impacts, the results show that by imposing a 4% levy on production volume for electronics manufacturing and imposing specific taxes on consumers for recycling E-wastes, the total GDP is maximized and is higher than without introducing any tax. Among the metals, the highest substitution ratios were tin at 30.90% and copper at 29.25%.
This study aims to calculate the optimal cost allocation ratio between producers and consumers of electronic products by minimizing carbon dioxide emissions, where the cost allocation has not been specified in the Regulations, and provided that gross domestic product (GDP) growth will remain the same. The study also analyzes the changes in the volume of generation and recycling of E-waste, and the substitute relationship between the metal recycled from E-waste and primary metal.
There have been some studies that use economic instruments on waste management policies. Dinan (1993) , Fullerton et al. (1995) , Tong et al. (2011) , Li et al. (2004) and Niu et al. (2008) analyzed the impact of waste tax on waste management policies. Higano (1995; 2000) and Miyata (2006) presented research about constructing environmental-social economic models, which covered both the circulation of economic value and of materials, and made a dynamic simulation analysis of the optimal environmental value-added tax. Li et al. (2005) and Matsumoto et al. (2007) analyzed the optimal tax-subsidy policy for air pollutant emissions reduction in Japan. Uchida and Higano (2006; 2010) evaluated energy systems policy through waste recovery and introduction of new technologies. Also with respect to E-waste recycling, Terazono (2010) analyzed the advantages and disadvantages of import and export trade between China and Japan on E-waste recycling and obtaining recycled metal resources. Yoshida et al. (2008) discussed the development of China's metal recycling industry, the contribution of metal recycling, and reuse in E-waste to the development of China's circular economy. However, Yoshida et al. (2008) did not predict the future potential of recycled metal utilization in China from the perspective of simulation experiments. In short, to the best of our knowledge, no study has examined the effects of increasing E-waste recycling and treatment while reducing CO 2 emissions, or how a recycling tax may affect E-waste treatment, use of recycled metal, and primary metal mining.
Model of Social and Economic Environment

Model Summary
Achieving a circular economy is one of the key goals of China's Policy towards sustainability. However, there is always a conflict between promoting "economic development" and "reducing environmental pollution". Secondary metal, for instance, differs from primary metal in many ways, such as production process, energy consumption, environmental impacts and economic value, which relate directly or indirectly to all industry sectors. Furthermore, economic change in the industrial sectors will directly or indirectly affect the environment. Therefore, an optimal proportion coordinating all the factors can only be obtained by building an environmental-social economic model concerning both the economy and the environment.
In this research, we designed an environmental-social economic model by considering material balance and value balance. For this, we used an Input-Output table as a base. The economic agent in the model is shown in Table 2 . Figure 1 shows material flow and value flow between subjects. The model includes seven general industry sectors, one electronic product manufacturing sector, eight metal production sectors, the newly established E-waste processing sector, household consumption and the government sector.
The E-waste recycling tax set in the model was intended to be jointly shared by electronics manufacturers and consumers. Ad valorem duties were imposed on electronic product manufacturing enterprises according to unit production volume and on consumers by set according to the type of E-waste discharged (see the section 3.2 for details). The model also set up carbon emission tax. The total revenue of two kinds of taxes above is transferred for E-waste processing industry operations.
Based on the above conditions and on the carbon dioxide emission constraint, to maximize the yearly GDP for the study period (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) , we adjust the allocation of E-waste recycling tax, and circulate E-waste recycling rates and the substitution relationship between recycled metal and virgin metal. Linear programming software LINGO of America LINDO Systems Company was used for simulation equipment.
Preconditions
First, due to data limitations, the E-wastes considered in this study only include the six most frequently used electronic waste products: televisions, refrigerators, computers, air conditioners, mobile phones and washing machines.
Second, electronic product innovations take place rapidly. Material use differs greatly among the same electronics of different years and models. By collecting references, this study adopts the average value (Table 3; see Li et al., 2006) . Third, this study does not include E-waste from import and export sources. The Basel Convention expressly prohibits E-waste import and export. However, there is trade in E-wastes for economic interests, termed "scrap metal". Such E-waste is not included in present study because of the availability of statistics. Table 4 shows the use and meaning of the subscripts in this simulation. Letters with cross-bars usually represent endogenous variables, but in this model they represent exogenous variables. The letter with the waved line means a vector diagonal matrix.
Construction of the Model
Balance of the Material Flow in Sectors of Usual Goods and Services
In the formula below, the left side represents the supply and the right side represents the demand. Usually, the supply of industrial sectors is greater than or equal to the demand. The input coefficient of production is the ratio of the input of each industry (based on the 2007 Input-Output Table of China) to the domestic volume of production (China National Bureau of Statistic, 2009) . 1  1  1  4  14  3  13  2  12   1  11  1  1  4  14  3  13  2  12  1  11 
Balance of the Material Flow in Metal Producing Sectors
In this study, we assume a complete substitution relationship between the same kinds of metals; that is, the secondary metals processed from E-waste are all used for replacement of primary metals. Replacement rate is the ratio of secondary metal volume and primary metal volume; that is, the percentage of primary metal that can be saved if all secondary metals are used for industrial production. Generally, metal is the total of primary metal and secondary metal. Formulae 3 and 4 express the material balance. Metals are divided into 8 kinds. The first seven kinds of metals are commonly used in the industry, while the eighth kind (termed "other metal") mainly refers to precious metals such as gold and silver. However, given that the Input-Output Table does not make reclassification of such metals, in this study, such metals are collectively referred to as "other metal". Consumer's E-waste discharge is divided into "recycled" and "not recycled". The recycled portion is all assumed to be treated, so there is no deposition, and "recovery quantity" means "handling capacity". The total material that was not recycled and processing residues are defined as final waste and assumed to be taken to the landfill. The weight of final waste is assumed to be equal to or smaller than that of the first year. Processing residues include nonmetals such as plastic, glass and rubber, which can be reused during the actual recycling process. Due to the focus on metal of this study, processing residues are included in the scope of final waste. E-waste genetic coefficient is fixed as an exogenous variable, which represents the production ratio of actual discharge of six kinds of E-waste and the corresponding electronic product in 2007. However, there are many factors influencing E-waste emergence size, such as service life of electronic products, consumption and demographic change, etc. Due to lack of relevant data, this study does not consider the above factors. Carbon dioxide emissions are obtained by multiplying the volume of production of all industries and consuming sectors by the emission factor. The left side of the formula refers to the income and the right side to the expenses. The income of each industry shall not exceed the expenses of that industry. The price ratio of each industry in year 1 is set to 1 as the reference value for the price ratio of the later years. 
Where 2 ri  : Exogenous value of the tax rate for resources recycling assumed by the manufacturers of electronic products, the operating variable ri c  : Exogenous value of the tax rate for resources recycling assumed by the consumers, the operating variable 2.3.8 Value Balances in the Sector of Primary Metal Producing The value of the metal obtained from E-waste treatment is decided by the E-waste recycling tax. The operational income of an E-waste treatment industry should not exceed the cost of such treatment and the carbon emission tax paid. 
The total amount of E-waste recycling tax is used for the E-waste treatment industry. Government revenue consists of direct taxes and indirect taxes. Direct taxes equal the product of income and direct tax rate. The expenses of the government include government consumption and savings. On the left side, the sum of net investment and net export is equal to the sum of household savings and government savings on the right.
.12 Household Consumption and Saving Level
Disposable income equals the excess of national dividend to the part paid as direct taxes. Disposable income is allocated according to the consumption ratio of different industries. Except for household savings, all dispensable income is used for consumption distribution. The product of disposable income and resident savings rate is equal to the amount of household savings. The product of production volume and capital coefficient of production is less than or equal to capital.
Exogenous column vector of capital and production coefficient of each industry in sector 2.3.14 Dynamic Equations of Capital Stock By this linkage equation, the model can be expressed as a prediction model for economic and environmental status for the next 13 years.
.15 Limiting CO 2 Emissions
In 2009, the Chinese government announced that it would reduce the intensity of carbon emissions by 40-45% per unit of GDP in 2020, using 2005 as a baseline. In 2005, China's GDP was about 18 trillion Yuan, and carbon dioxide emission was about 5.8 billion tons. That means carbon dioxide emissions per unit GDP were 3.05405t-CO 2 / ten thousand Yuan. To reduce the CO 2 intensity by 40-45%, the carbon dioxide emission per unit GDP in 2020 should be 1.67973-1.83243t-CO 2 / ten thousand Yuan. However, improving the intensity of CO 2 emissions does not necessarily mean reducing the total release of CO 2 emissions. Therefore, to reduce carbon dioxide emissions, this study limits the carbon dioxide emissions across the 13 year study period to the baseline level, which is less than or equal to emissions in 2005. Energy consumption by the primary metal occurs in the process of ore mining, ore dressing and smelting. Energy consumption by the recycled metal occurs in treating discarded metal and melting with the primary metal. However, given that the proportion of energy expended during melting is very small, this study does not involve that calculation. 
Setting Cases in Simulation Experiments
By restricting carbon dioxide emissions, the maximum GDP sum of the 13 years is obtained, followed by three kinds of E-waste recycling tax rates, six kinds of E-waste recycling treatment rates, and the replacement ratio of secondary metal and primary metal, etc. The different cases are shown in Table 5 .
Case0 is the Basic Case; that is, the case forecasting and analyzing the economic trends in China during the period 2008-2010 by only restricting CO 2 emission without E-waste recycling taxes and the E-waste treatment industry. In Case1 to Case6, the E-waste treatment industry is introduced together with all or part of E-waste recycling taxes. Three kinds of E-waste recycling tax rates are set as exogenous variables, which can be adjusted to obtain the maximum of the total GDP of the 13 years, the rate of E-waste recycling and treatment, and the substitution ratio of recycled metal and primary metal.
Result of Simulation Experiments
Basic Case
Under the premise of restricting CO 2 emissions and following the current situation where no E-waste recycling tax is introduced and there is no industry of E-waste treatment, the economic trends of China in 2008-2020 are forecasted (Figure 2 ). First, when CO 2 emissions of the 13 years are fixed to the level less than or equal to the 2005 benchmark, the average growth rate of GDP over 13 years is 1.02%, which is much lower than the 8% expected value set by the Chinese government. However, as with CO 2 emissions per unit GDP (see Second, we also included a simulation forecast implemented to correspond with the carbon dioxide emissions per unit GDP by 2020 (Figure 2 : Objective Case). In modular form (28) in 2.3.15, the restriction formula is set between 1.67973-1.83243t-CO 2 /ten thousand Yuan for carbon dioxide emissions per unit GDP of year 13 (2020). The result shows that with the growth of GDP, carbon dioxide emissions per unit GDP reach their peak at year 8 (2015) . Though the emissions of per unit GDP in 2020 can reach the standard, the total emissions are 2.41 times higher than those in 2005. As mentioned above, the goal of carbon emissions reduction cannot be achieved only by restricting CO 2 emissions per unit GDP. Therefore, the following cases limit the CO 2 emissions to 2005 levels.
The Introduction of E-waste Treatment Industry and E-waste Recycling Taxes
In Japan, consumers pay recycling fees for discarded E-waste (namely, computers, washing machines, air conditioners, televisions and refrigerators). Compared with the sale price of each set, the recycling fee of a computer equals about 2% of its sale price; for washing machines, the proportion is about 3%; for air conditioners, the proportion is about 2%; for television sets, the proportion is about 3%; and for refrigerators, the proportion is about 3% (Price of Home Appliances, 2010; Association for Electric Home Appliances, 2010). Cell phones have not yet been included in the recycling scheme. In this study, the recycling fee of a mobile phone is temporarily set as 2% of its sale price. According to the above proportions, the E-waste recycling fee imposed on Chinese consumers shall be set as 20 to 40 Yuan each mobile phone, 100 to 120 Yuan each computer, 100 to 120 Yuan each washing machine, 100 to 120 Yuan each air conditioner, 90 to 110 Yuan each TV set and 90 to 110 Yuan each refrigerator.
Case1: The tax is only imposed on manufacturers of electronic products. The tax rate is calculated one by one from 0% to 50% of the volume of production, but no results were obtained.
Case2: The tax is only imposed on consumers. In this case, each fee set above has been used for trial calculation but no results were obtained.
Yuan/t-CO 2 . No results were obtained if the tax is smaller than 60 Yuan/t-CO 2 .
Case4-Case6: These cases combine different E-waste recycling tax rates. In the case6 (Figure 3 : Best Case), the total GDP of the 13 years can be maximized and the average growth rate of GDP is 1.07% (the construct of tax or fee imposed on different objective is as follows: Fees imposed on consumers: 30 Yuan/set for mobile phones, 110 Yuan/set for computers, 110 Yuan/set washing machines, 110 Yuan/set for air conditioners, 100 Yuan/set for televisions, and 100 Yuan/set for refrigerators; Tax imposed on electronic products manufacturers for resource renewable tax 4% of unit value of production; Tax imposed on enterprises for carbon dioxide emissions is 68.9 Yuan/t-CO 2 .) However, the value of maximized GDP is far from the Chinese government's goal which keep GDP average growth rate at more than 8%. Therefore to lower the environmental load while maintain the 8% GDP growth rate, advanced E-waste processing technology must be imported to balance the relationship between economic development and easing the environment load, which is also the focus of the author afterwards. Additionally, compared with the Basic Case, the volume of production of primary metal manufacturing and the enterprises with large CO 2 emissions can be restricted to a certain extent by introducing recycling taxes. However, the simulation experiments showed that developing newly built industries of E-waste treatment more vigorously, and the total GDP of the 13 years in the Best Case is larger than that in the Basic Case. This difference can be attributed to the high added value of the newly established enterprises of E-waste treatment and to the fact that CO 2 emissions of such enterprises are smaller than those of primary metal manufacturing.
Sensitivity analysis is shown in Table 6 . The sensitivity coefficient is the ratio of the total GDP of the 13 years under each case and the total GDP of the 13 years under the Best Case. The changes in the tax rate for electronic products manufacturing have the greatest relevance to changes in GDP. Compared with the 4% tax rate, the sensitivity coefficient reduces by 0.0366951 when the tax rate is increased by 0.01%, and the sensitive coefficient reduces by 0.0226796 when the tax rate is decreased by 0.01%; both of the above changes are larger than changes in the sensitivity coefficient of the other two tax rates.
The Substitution Relationship of Metal under the Best Case
Estimation of the Volume of E-waste Recycling Rate
In 2007, discarded E-waste in China included 40.7 million mobile phones, 30.79 million computers, 9.9 million washing machines, 77.12 million air conditioners, 24.5 million televisions and 72.75 million refrigerators. Assuming that all the E-waste can be recycled and treated, the potential for eight reusable metals to be recycled in 2007 can be estimated by multiplying the six kinds of components of E-waste, as shown in Table 3 , with the volume of E-waste units. Accordingly, the potential volume of eight kinds of metals in 2007 is: 1,520,000 tons of iron, 290,000 tons of copper, 180,000 tons of aluminum, 2,559 tons of lead, 20,000 tons of zinc, 2,375 tons of nickel, 6,846 tons of tin, and 177 tons of other metals. These products would account for 0.31% (iron), 8.32% (copper), 1.46% (aluminum), 0.09% (lead), 0.43% (zinc), 2.05% (nickel), 4.60% (tin) and 0.32% (other metals) of the production volume of primary metal. However, due to the incomplete recycling system and the uncertainty in the allocation of recycling costs in practice, the recycling rate is less than 6% of the total volume of E-waste (the recycling rate of mobile phone is 1.95%, rate for computers is 2.52%, rate for washing machines is 5.36%, rate for air conditioners is 4.51%, rate for televisions is 5.2% and rate for refrigerators is 5.95%). A large amount of valuable metals cannot be recycled and reused, which causes a huge waste of resources. Figure 4 illustrates the average recycling rate for six kinds of E-waste in 13 years in the Best Case. Mobile phones have the highest average rate of recycling and treatment for the 13 years; that is, the mobile phone rate is 72.15%, followed by that of air conditioners at 59.68%, washing machines at 57.63%, televisions at 54.34%, computers at 53.55% and refrigerators at 35.50%. Compared with the rate of recycling and treatment in 2007, mobile phones have the highest increase. Although mobile phones are light in weight, they have the largest volume. In addition, the proportions of other metals (such as gold, silver and other highly precious metals), nickel and tin in mobile phones are higher than that in other 5 kinds of E-waste. Therefore, more recycled mobile phones are involved in the simulation experiment.
Metal Substitution Relationship
In order to maintain stable economic development, China should ensure the balance between the supply and demand of metal resources. Through the simulation forecast test, eight kinds of metals recycled in best case (year 13) are: 13.71 million tons of iron, 3.37 million tons of copper, 1.97 million tons of aluminum, 20,000 tons of lead, 160,000 tons of zinc, 20,000 tons of nickel, 70,000 tons of tin, and 1,600 tons of other metals. In year 13, the ratio of production quantity of alternative primary metal processed from E-waste is shown in Table 7 . Due to low carbon dioxide emissions during the treatment process and great market demand, and so on, the alternative effect of copper and tin is the most significant. The average substitution rates of year 13 are 30.50% for tin and 29.25% for copper. The substitution rates of other six valuable metals are: 16.30% for aluminum, 12.24% for nickel, 4.50% for zinc, 2.67% for iron, 0.68% for lead, and 0.19% for other metals. Regarding energy consumption, Table 8 demonstrates that the excess CO 2 emissions for primary metal exploitation, whose emissions equal those of recycled metal, is the quantity of energy saved. This provided that the excess is above zero, which means that the energy for recycling is less than the energy for mining in respect to that metal (see Formula 29-32). The energy savings for aluminum are the most obvious, followed by copper and tin.
Discussion and Conclusion
On January 1, 2011, China began to officially implement the Regulations on the Administration of Recycling and Disposal of Waste Electrical Appliances and Electronic Products to strictly manage manufacturers and regulate the entire E-waste recycling industry by levying a resource renewable tax on electronic products manufacturing and consumption. In this context, this study, introduces a model which restricts CO 2 emissions and forecasts the economic development of China during 2008-2020. The study estimates the volume of E-waste recycling rate during that period and solves the substitution relationship between recycled metal and primary metal by introducing environment taxes. The result shows that the total GDP of the 13 years can be maximized by imposing: 1) a recycling fee on consumers (mobile phone 30 Yuan/set, computer 110 Yuan/set, washing machine 110 Yuan/set, air conditioner 110 Yuan/set, TV 100 Yuan/set and refrigerator 100 Yuan/set), 2) a 4% recycling tax per unit production on manufacturers, and 3) a 68.9 Yuan/t-CO 2 carbon tax. In doing so, the substitution relation between secondary metal and primary metal from E-waste is obtained, considering carbon dioxide emissions during the E-waste recycling process, treatment costs, market demand on metal, metal price, etc. Therefore, the allocation of economic liabilities, which is not specified in the regulation, can be solved as described above between enterprises and consumers. The substitution rates of iron, lead and other metals are less than 2%, with insignificant alternative effect. By contrast, tin and copper have the most significant substitution effect, with average substitution rates of 30.90% and 29.25% for year 13. Considering both economic and environmental factors, the forecast on this significant substitution effect shows that more attention should be paid to copper and tin recovery.
There are important factors that this study has not addressed. For one, the study does not take into account the service life of products, the buying power of the consumers and the changes in the population into consideration in the forecast of the volume of E-waste. Meanwhile, the study does not conduct a comparison of the effects of domestic equipment and foreign equipment in the selection of treatment equipment. In addition, with respect to policies, the study refers to the experience of Japan who adopts "post-paid" approach for consumers, but such policy is not suitable to the specific circumstance in China. This is because that the most significant barrier to managing E-waste in China is how to guarantee that E-waste is recycled. If the post-paid system is imposed on consumers, it will be even more difficult to guarantee the volume of E-waste recycling. Accordingly, in future research, the author will consider a pre-paid policy on consumers. When the product is discarded, the consumer who delivers E-waste to the designated recycling management center can be reimbursed accordingly. This could guarantee the volume of E-waste recycling, and it could use the pre-paid fees from consumers for capital turnover in the E-waste treatment industry. The above three points will be supplemented and completed in the following studies. 
τ : Exogenous value of recycling tax rate assumed by the manufacturers of electronic products τ : Exogenous value of recycling fees paid by consumers for each discarded set of the 6 kinds of E-waste Tkk: Exogenous value of carbon tax rate, the operating variable 
